Large-amplitude extensional standing waves in metals are studied theoretically and experimentally. Starting from the nonlinear elastodynamic equation for perfectly elastic solids, a one-dimensional second-order model is formulated for resonant rods. Losses are neglected and superposition of forward and backward waves is assumed. Spatial distributions of the force and particle velocity are obtained theoretically as well as the waveforms. The experimental work consists of measuring and analyzing the vibration signal along the length of cylindrical rod samples of a tiitanium alloy at constant temperature. Stepped rod samples are used to achieve higher strain amplitudes. The samples are driven by means of a piezoelectric transducer. The vibration amplitudes and waveforms are monitored by using a nonintrusive laser vibrometer. From a comparisc,n between the experimental and theoretical results a value for the nonlinearity parameter of the titanium alloy is derived.
INTRODUCTION
In this paper we present a theoretical and experimental study of finite-amplitude extensional standing waves in resonant rods of perfectly elastic isotropic solids.
It is well known that the vibration of elastic solids can be described by linear laws only in the case of infinitesimal amplitudes. In fact, if the vibration is of finite amplitude, the strain and stress tensors contain higher-order terms and they are no longer linearly related.
•'2 As a consequence, the equations of motion become nonlinear 3'4 and the solid medium must be characterized by higher-order elastic constants. Materials used in high-power ultrasonic transducers, such as titanium alloys, which are subjected to very large mechanical displacements, have to be studied in the nonlinear range.
The classical acoustic methods to study the dynamic elastic properties of solids under linear conditions involve the measurement of velocity and attenuation. The applied measurement procedure depends on the frequency range. For frequencies up to about 100 kHz the usual method is to excite a resonant mode in a specimen and to measure the frequency and the resonant curves. For higher frequencies, pulse methods are better suited because the dimensions required for the specimen to be resonant would be too small.
Methods for studying the nonlinear dynamic properties of solids are not so well established. In fact, for many years nonlinear studies were mainly focused on fluid media. have presented a work where the nonlineartry parameters of rocks were measured by studying the resonant response of a bar subjected to finite amplitude deformations. The method was based on the measurement of resonance frequency variations with changing vibration amplitude; no information was given about the harmonic distribution along the geometry of the sample. This method, which was applied to highly nonlinear materials (rocks) by using very low frequencies (•-;1 kHz), was not sensitive enough for studying nonlinearities in metals.
This article deals with a theoretical and experimental study of the nonlinear behavior of metals subjected to highintensity ultrasonic stresses. The experimental study was carried out with resonant specimens employing longitudinal vi-brations at frequencies of about 23 kHz. The material employed in this study was a titanium alloy (Ti 6 AI 4 V) commonly used in the construction of high-power ultrasonic transducers. 21 The theoretical model developed was based on an one-dimensional approach of the nonlinear elasticity theory, neglecting losses and assuming superposition of forward and backward waves.
I. THEORY
This study considers longitudinal waves in an isotropic rod with a small d/h ratio (d being the cross-sectional diameter and h the wavelength). Under these conditions it is assumed that the vibration of the specimen can be described by a one-dimensional model. In the present approach losses are neglected. This assumption can be justified by taking into account that the solids studied are polycrystalline metals in which the dissipation energy is small. The excitation amplitude stays within the range where no structural changes in the material are produced to maintain elasticity conditions. Only second-order terms of the strain are considered.
A. Second-order one-dimensional wave equation 
Consequently, the solution of Eq. (4) in the second-order approximation for a longitudinal harmonic wave traveling in the forward direction is of the form U a =A e j(tøt-kx) + pA 2xe j2(tøt-kx),
where p = Ylk2/2Yo .
B. Nonlinear extensional waves in resonant systems
The main objective of this work is to study nonlinear extensional vibrations in resonant systems such as finite rods. To approach this problem we consider a longitudinal plane wave traveling along the axis of the rod, incident on the boundary where it is reflected in opposite direction. There-fore, to set up a standing wave pattern we assume superposition of two waves of finite amplitude traveling in forward and backward direction, i.e., u = u• + u•,.
The expression for the forward wave u a is shown in Eq. (8) 
II. EXPERIMENTS
The experimental setup for measuring amplitude and frequency components of the particle velocity at different points along resonant specimens is shown in Fig. 3 . It consists of a driving system to excite the samples at resonance and data acquisition equipment. 
A. Excitation system
The excitation system consisted of a specially designed electronic generator and a piezoelectric transducer. The electronic generator used to drive the transducer implemented a feedback system to automatically adjust the excitation frequency to the transducer's resonant frequency? In addition, a switching circuit was designed to produce periodic interruptions in the excitation signal; in such a way the time of excitation could be controlled to keep the temperature of the sample constant. This circuit essentially consisted of a programmable counter and an output stage which acts on the power amplifier input signal? The excitation driving time could be varied between 1.5 and 9.6 s and the off time between 1.5 and 180 s. Within these ranges it was possible to keep the temperature constant for all the samples and excitation levels studied. In addition, a resistive network which matched the generator to the load was inserted at the output of the electronic generator to increase the stability of the system by widening the electric bandwidth.
The driving transducer, a resonant system at about 23 kHz, was constructed from an assembly of two half-wave elements: A piezoelectric sandwich and a stepped horn (Fig.  3) . The sandwich element consisted of four piezoelectric ceramics between two metallic cylindrical rods. A damping material (silicone rubber) was attached at the backing rod to increase the mechanical bandwidth of the system and to improve the system stability. The stepped horn acted as a mechanical amplifier to achieve higher vibration amplitude at its thinner termination where the sample was attached.
B. Samples
Cylindrical stepped titanium alloy (Ti 6 AI 4 V) samples with thinned-out central sections were designed to achieve higher strain within the material (Fig. 4) force is obtained. Figure 6 shows the calculated particle velocity distribution along the length of a Ti 6 Al 4 V stepped rod with d•/d2=l.6. As for uniform cylindrical rods, the generation of harmonics is maximum at the central point which is not more a real node. 
